The effect of water-soluble radiographic contrast material on pH when added to blood in clinical dosages in vitro or when used in vivo for diagnostic purposes was examined. Contrast material caused a reduction of blood pH. The mechanism of this occurence was found to be the balancing of the negative charge of intracellular organic anions by the extracellular anionic contrast material molecules. The normal negative potential of about 10 mV across the red cell membrane was reduced, nullified, or reversed depending on the concentration of contrast material added to blood. As the inside of the cell became more positive with respect to the outside, protons were, in effect, repelled into plasma, although the apparent exodus of protons occurs by the generation and outward diffusion of carbon dioxide. Since the acidemia is dependent on rehydration of carbon dioxide in plasma, a reaction measured in seconds, the site of injection and transit time of dye will contribute to the pH of the plasma during passage through a regional capillary bed.
The effect of water-soluble radiographic contrast material on pH when added to blood in clinical dosages in vitro or when used in vivo for diagnostic purposes was examined. Contrast material caused a reduction of blood pH. The mechanism of this occurence was found to be the balancing of the negative charge of intracellular organic anions by the extracellular anionic contrast material molecules. The normal negative potential of about 10 mV across the red cell membrane was reduced, nullified, or reversed depending on the concentration of contrast material added to blood. As the inside of the cell became more positive with respect to the outside, protons were, in effect, repelled into plasma, although the apparent exodus of protons occurs by the generation and outward diffusion of carbon dioxide. Since the acidemia is dependent on rehydration of carbon dioxide in plasma, a reaction measured in seconds, the site of injection and transit time of dye will contribute to the pH of the plasma during passage through a regional capillary bed.
We speculate that an alteration in membrane potential and/or the acute acidemia may contribute to the adverse effects of contrast material, particularly on tissues dependent on membrane electrical rhythmicity such as the myocardium.
THE DEVELOPMENT and use of radiographic contrast media have been major contributions to clinical medicine. Although considerable study has been given to the adverse effects of these agents,' some reactions remain unexplained. Most research on the adverse effects of water-soluble contrast materials has been directed to the effects of the rapid injection of a hyperviscous and hypertonic bolus on rheology of blood,2 although a "tendency to acidosis" has been noted previously.3 In order to further elucidate the mechanism of important complications such as myocardial arrhythmias,4' 6 we examined the effect of contrast materials on blood pH.
In this study, contrast materials have been shown to produce an acute reduction in blood pH. By adding impenetrable organic anions to the external milieu, the electrical effect of internal organic anions is counteracted and the negative potential across the red cell membrane is nullified. This allows the rate of influx of permeable anions, hydroxyl, bicarbonate and chloride to increase and equal or exceed that of efflux. The greater buffering capacity of the interior of the red cell and the increase in Pco2 in the red cell prevent a significant change in internal pH, whereas plasma is acidified by the net increase in hydrogen ion concentration which occurs. The abrupt change in plasma pH could contribute to the abnormality of membrane and cell function, which may occur following injection of contrast material, especially into the coronary circulation. Methods
In Vitro Studies
Blood was drawn anaerobically from the antecubital vein of healthy men and women into tubes evacuated of air which contained sodium heparin (15 g/ml). Blood from mongrel dogs was also used in some experiments. Sodium 3,5-diacetamido-2,4,6-triiodobenzoate (Hypaque sodium 50 g/100 ml) or 66% methylglucamine 3,5-diacetamido-2,4,6triiodobenzoate (Renografin-76) was added to blood in amounts required by individual experiments. To examine the role of altered plasma osmolality on the effect of contrast materials, 0. 76M sodium chloride was prepared so as to achieve an osmolality similar to that of a Hypaque solution. Sodium chloride was added to blood in proportions similar to that of Hypaque. Also, the effect of solutions of Hypaque made isotonic to blood by the addition of distilled H20 was studied. Final concentrations of Hypaque of 5 and 10 volumes percent were achieved by replacing appropriate volumes of plasma with isotonic Hypaque solutions.
Blood hemoglobin was measured in duplicate by the cyanmethemoglobin method and packed cell volume (PCV) was measured in triplicate in an International Equipment Co. microhematocrit centrifuge at approximately 10,000 g 943 for 5 min. Mean cell hemoglobin concentration (MCHC) was derived from the blood hemoglobin concentration and PCV by a standard formula. For the measurement of pH and chloride content, blood was centrifuged at 4°C with tubes inverted (rubber stopper down) at 5650 g for 15 min. The packed red cell layer was aspirated into a 3 ml plastic syringe containing a stainless steel washer as a mixer. A small sample was expressed into microcapillary tubes and PCV measured (always greater than 95%). For measurement of pH, 50 ,ul of 0.7 M sodium fluoride per ml of packed red cells were added anaerobically to the syringe which was mixed vigorously and thereafter frozen at -70°C overnight and thawed at room temperature. The pH and Pco2 of whole blood, plasma, and the red cell lysate was measured in an Instrumentation Laboratories Model 213 pH-gas analyzer at 370C.6 For measurement of chloride, 0.2 ml of the packed cell layer and plasma were deproteinized in barium hydroxide, treated with zinc sulfate, and the supernatant treated according to the method of Cotlove and coworkers.7 Total packed cell and plasma chloride were measured with a Buchler-Cotlove chloridometer. Red cell chloride was calculated by subtracting the contribution of plasma chloride from the chloride in the total packed cell volume. Red cell and plasma water were measured by weighing specific volumes of plasma and of blood of known PCV before and after dessication at 80°C for 24 hours in 1.0 ml weighing boats. Plasma osmolality was measured by freezing point depression with an Advanced Instruments Model 3L osmometer.
In Vivo Studies
Seven adult subjects with hypertension who were undergoing renal arteriography and measurement of the renin content of renal venous blood were studied. Catheters were introduced through the femoral artery and vein using percutaneous techniques. Each patient had a single renal artery and was well hydrated. Renal venous blood was sampled and transferred anaerobically into evacuated tubes containing heparin prior to as well as 20 and 120 seconds after the rapid injection (8 ml/sec) of 8.0 ml of Renografin-76 into the renal artery.
Four mongrel dogs were anesthetized with intravenous barbiturates and ventilated with room air with a pump and endotrachial tube. A catheter was passed to the left main coronary artery through a right femoral artery by the percutaneous technique. A catheter was introduced into the coronary sinus by surgical exposure of the right deep jugular vein. Contrast material (approx. 4 ml) was injected in the left main coronary artery and peak concentration in coronary sinus was determined fluoroscopically. Coronary sinus blood was sampled before, at peak concentration (5-8 sec), and 20 to 40 seconds after injection of contrast.
MCHC, plasma osmolality, red cell and plasma pH were measured at each time of study. To determine the concentration of contrast material in renal venous blood obtained from human subjects and coronary sinus blood from dogs, we added known concentrations of Renografin or Hypaque to blood in vitro and measured plasma osmolality. The osmolality of plasma was linearly and perfectly correlated with the concentration of contrast media added to blood (r = 0.999). The regression of dye concentration on osmolality was such that a change of 10 mOsm represented an increment in Renografin concentration of 0.67 ml/100 ml plasma and an increment in Hypaque of 0.85 ml/100 ml plasma. We could convert, therefore, the increment in plasma osmolality that occurred in vivo to blood dye concentration by using the regression of plasma osmolality on content of Renografin or Hypaque developed in vitro. The content of Renografin or Hypaque in plasma was converted to the content in blood in vivo by multiplying the former by the ratio ml plasma/ml blood ("plasmacrit"), which was measured on each blood sample. Results
In Vitro Studies
Effect of Contrast Materials on Blood pH Initially, we examined the effect of Hypaque added to blood in a concentration which we estimated could be achieved in a regional circulatory bed after injection into an afferent blood vessel. In six studies, ten volumes percent Hypaque added to plasma resulted in an insignificant mean increase in plasma pH (7.47 ± 0.007, SE) as compared to plasma to which an equal volume of 0.15 M sodium chloride was added (7.45 + 0.007). However, Hypaque added to whole blood resulted in a significant (P < 0.02) decrease in extracellular pH (7.22 + 0.002) as compared to addition of sodium chloride (7.41 + 0.005). The red cell pH in blood containing Hypaque was similar (7.21 + 0.002) to that of the control samples (7.20 + 0.007). The pH gradient across the red cell membrane, therefore, was markedly and significantly (P < 0.01) reduced in blood containing ten volumes percent Hypaque (0.01 ± 0.0001) as contrasted with control (0.20 i 0.001).
The effect of Hypaque on blood was closely correlated with the final concentration of contrast material in blood. Table 1 depicts the effect on pH of the addition of Hypaque to plasma and to blood. The addition of Hypaque to plasma produced a slight increase in plasma pH as shown in column 2 of table 1. Recombination of red cells and plasma had no significant effect on blood pH. Addition of Hypaque to plasma containing red cells led to a dose-dependent decrease in extracellular pH as shown in column 4 of table 1. Renografin had a similar effect on blood, although solutions of Renografin added to plasma did produce a slight decrease in plasma pH (table 1). As shown in figure 1, despite marked acidification of plasma by concentrations of Hypaque up to 10 volumes percent, red cell pH did not change significantly.
Addition of 0.1 ml of 0.5 M sodium bicarbonate to 1.0 ml of Hypaque solution prior to addition to blood could prevent the reduction in extracellular pH which occurred otherwise. When blood was acidified by the addition of hydrochloric, carbonic or lactic acid, red cell pH fell in close association with the reduction in plasma pH (r = 0.99) where pHi = 0.743 pH8 + 1.71.8 Hence, when contrast material was added to blood, the relationship between intra and extracellu-Circulation, Volume 52, November 1975 Since radiographic contrast material is hyperosmolar in relation to plasma, we explored the possibility that cellular dehydration and reduction in cell volume played a role in the abnormal pH gradient and in the acidification of plasma which resulted from contrast media. As shown in table 2, dehydration of red cells with sodium chloride to an extent nearly identical to that produced by Hypaque did not result in a significant change in extracellular pH and intracellular pH fell slightly. Contrast media produced a dose related decrease in extracellular pH. Red cell pH increased slightly at high concentrations of Hypaque.
As a second approach to the question of the role of red cell hydration on the change in pH gradient, we added solutions of Hypaque made isotonic with distilled water to blood. The addition of isotonic Hypaque produced an even more profound acidification of the external medium at a given final concentration of Hypaque than did hypertonic Hypaque (table 3) . The increased acidification of the external medium was due to the reduced buffering capacity of plasma diluted with the isotonic Hypaque solution.
Effect of Contrast Material on Plasma and Red Cell Chloride Concentration
We explored further the mechanism of the alteration in the pH gradient between plasma and red cells by examining the chloride distribution between plasma and cell H20. The pH gradient between plasma and the red cell normally agrees closely with the hydrogen ion distribution predicted by the Gibbs-Donnan equilibrium.9 The hydrogen ion distribution contrast media. As shown in table 4, in the three control samples, the mean chloride ratio of 1.55 was very close to the expected value of 1.59. Also, the log of the chloride ratio in the presence of contrast media was very similar to the pH gradient measured independently. At ten volumes percent isotonic Hypaque, the inversion of the pH gradient predicted by the chloride ratio was somewhat greater than observed.
Effect of Contrast Materials on Pco2 of Plasma and Cells
Hydrogen ion does not traverse the red cell membrane. The exchange of hydrogen ions between red cell and plasma or vice versa is accomplished by the formation and diffusion of carbon dioxide which is converted, thereafter, to protons after hydration to carbonic acid.'0 We measured Pco2 in plasma and red cells after addition of 10 volumes percent Hypaque. Mean Pco2 in venous blood in eight experiments was 44.4 mm Hg before and 53.8 mm Hg after addition of Hypaque. Pco2 of red cell hemolysates measured in four experiments was 46.1 mm Hg before and 54.8 mm Hg after addition of ten volumes percent Hypaque to blood. Pco2 of packed red cells prior to hemolysis showed similar changes.
Effect of Contrast Materials on Red Cell Membrane Potential
The red cell membrane potential (E) expressed as volts may be calculated from the equilibrium distribution of chloride by use of the Nernst equation:2, 14
where R, the gas constant, equals 8.314 joule/oK per mole; T, the absolute temperature, is 310oK; z, the valence of the chloride ion, is unity; F, the Faraday constant, is 96493 coulomb/eq; and [Cl-] is the concentration of chloride in plasma water (e) and in cell water (i). The activity coefficient of Clis assumed to be the same in cytosol as in plasma.
The anion equivalency of impenetrable compounds in the red cell is approximately 70 mEq/L H20. This total is composed of hemoglobin (-40 mEq/L), 2,3- diphosphoglycerate (-20 mEq/L), adenosine triphosphate (-5 mEq/L) and other phosphates (-5 mEq/L).`If the effect of contrast material is due to its balancing, the internal impenetrable anions, the membrane potential should be obliterated when approximately 70 mEq/L H20 of sodium Hypaque is added to the external milieu. 12 In order to test this hypothesis, we prepared isotonic sodium Hypaque solutions and added isotonic sodium chloride so as to achieve solutions of 0 to 135 mM sodium Hypaque which were isotonic (280-300 mOsm). Since 1 mM sodium Hypaque produced 2 mOsm, we assumed complete dissociation of the compound in solution. We, thereafter, titrated the equivalents of extracellular Hypaque anion required to reduce the membrane potential to zero and beyond, as shown in table 5. Addition of Hypaque resulted in a reduction and finally inversion of the membrane potential as increasing concentrations of Hypaque were added. By extrapolation, the membrane potential was zero at -65 mEq/L of Hypaque which is very close to the expected average value of 70 mEq/L.
Fable 4 Effect of Hypaque on Erythrocyte Transmembrane Chloride and pH Gradients

In Vivo Studies Effect ofArteriography on Human Renal Venous Blood pH
Renal venous blood was sampled following the injection of Renografin into the renal artery. Blood pH measured 20 seconds after dye injection decreased in each of seven subjects studied ( figure 2) . The decrement in extracellular pH was 0.065 units (range, 0.040 to 0.085 units). Red cell pH, which was measured in six of the seven subjects, did not change in three subjects and increased slightly in three subjects. The mean decrement in pHe was statistically significant (P < 0.02) whereas mean pH, barely changed. This conformed to the pattern observed in vitro.
Effect ofArteriography on Dog Coronary Sinus Blood pH
Coronary sinus blood was sampled following injection of Renografin or Hypaque into the coronary artery. pH measured in blood collected 5 to 8 seconds after dye injection decreased in each of four dogs studied ( fig. 3 ). Red cell pH did not change significantly (not shown). The fall in pH was closely associated with the concentration of dye present in the blood samples studied. The magnitude of the pH fall observed was greater than that in renal blood, due to the ability to sample more rapidly. If 0.5 M NaHCO3 was added to Hypaque solutions prior to injection, the fall in plasma pH was prevented, although in this case red cell pH increased significantly (e.g., 7.19 to 7.25).
Effect ofArteriography on Plasma Osmolality and Dye Concentration
In order to determine the concentration of dye present in renal venous blood during our studies, we measured the osmolality in plasma at the time of sampling. Renal venous plasma osmolality increased 750- The extracellular (pH,,) and intraerythrocytic (pH,) pH of renal vein blood before, 20, and 120 seconds after injection of 8.0 ml of Hypaque into the renal artery. Extracellular pH fell in each case studied. Intracellular pH either remained the same or increased very slightly. By 2 minutes blood dye concentration was very low and pHe had returned to normal preinjection values. The extracellular pH in dog coronary sinus blood before, 5 to 8 seconds, and 20 to 40 seconds after injection of Hypaque (unfilled circles) or Renografin (filled circles). The mean blood contrast material concentration is shown in ml contrast/100 ml blood (vol %). The unfilled squares represent the blood pH when Hypaque to which 0.5 M NaHCO3 was added was injected into the coronary artery. The parentheses contain the concentration of contrast material in the blood.
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in each subject when measured 20 seconds after arterial injection of dye. The mean increment in osmolality was about 40 mOsm (table 6 ). The mean content of Renografin in renal venous blood, 20 seconds after injection as determined from the increment in plasma osmolality (see Methods) was 0.018 ml/ml blood with a range of 0.010 to 0.023 ml/ml blood.
The effect of contrast media on coronary sinus blood of the dog was qualitatively similar to the studies in the human renal circulation. The experimental conditions allowed sampling closer to the true peak dye concentrations and the contrast media concentrations measured were higher (table 7) .
Discussion
The human red cell contains impermeable organic anions, especially hemoglobin and organic phosphates, which generate demands for electroneutrality across the red cell membrane. In the presence of relatively impermeable cations, these conditions contribute to the development of a potential across the membrane such that the interior is negatively charged with respect to the exterior.9 14 An asymmetrical equilibrium distribution (Gibbs-Donnan) of permeable anions (and protons) is generated which results in a gradient of hydrogen ions, which largely accounts for the 0.20 unit difference in pH between cell and plasma water at a plasma pH of 7.40. Poorly-penetrating anions added to the extracellular medium could alter the Gibbs-Donnan equilibrium and thereby the red cell pH gradient. Funder and Wieth have provided evidence that the poorly-penetrating polyanion sodium citrate may reduce, obliterate, or reverse the negative electrical gradient of the red cell, depending on the relative concentration of internal and external impenetrable anions. 12 Since contrast materials are salts of impenetrable anions, their mechanism of action could relate to the balancing of the negative charge contributed by impermeable anions in the cell. This is supported by the calculation of the equivalents of external anions required to produce an effect on the distribution of chloride or hydrogen. The reduction in the negative potential across the red cell membrane results in an exodus of protons from red cells and an acidification of plasma, thereby.
The red cells, therefore, can be a source of 
'
hydrogen ions in the causation of acidosis in the presence of contrast media confirming previous reports of this heretofore unexplained phenomenon. ' 1 Hydrogen ion itself does not pass through the red cell membrane. The transfer of hydrogen ion is accomplished by the formation of carbonic acid, its conversion to CO2, the diffusion of CO2 across the membrane, its hydration to carbonic acid and conversion to hydrogen ion and bicarbonate.10 The transfer of hydrogen ions (via CO2) from red cells to plasma does not result in a concomitant increase in red cell pH since the protons are derived from hemoglobin and Pco2 increases in the red cell during the events following addition of contrast materials to blood.
The contrast material concentration in renal venous blood sampled through a catheter is less than that achieved at peak concentration in the arteriolar and capillary arborization of the kidney, since further dilution of material occurs in the renal venous blood. Furthermore, the time of sampling did not necessarily coincide with the peak concentration in the renal vein. Hence, the drop in blood pH may be an underestimation of the maximal pH decrement after contrast material injection. This was confirmed by the studies of the dog coronary circulation where we were able to demonstrate that dye concentration reached at least 12 volumes percent and a marked fall in plasma pH occurred. This is probably a minimal value for pH drop since it is unlikely we identified the peak concentration of dye.
The time course of the development of plasma acidosis is currently under study by our laboratory. Since the hydration of CO2 in the plasma is not enzymatically mediated, it is slow in relation to the reaction in the red cell which is catalyzed by carbonic anhydrase and occurs in microseconds. It has been estimated that the half-time of the reaction which hydrates CO2 in plasma is 5 to 10 seconds.10 Hence, the extent of pH change and the location of pH change will be a function of both contrast concentration and the time involved in transit from injection site to regional capillary bed. If the transit time from aortic root to coronary capillaries is 5 seconds, the pH change may be less than that observed in the laboratory pH meter minutes later.
Contrast material may be deleterious because of an effect on red cell shape and hydration and thereby rheology and oxygen transport. In addition, bulk replacement of blood with an inert material, effects on vasomuscular tone and direct toxic effects on endothelium or endocardium have been incriminated in adverse reactions. Effects of hypertonicity on tissue cell hydration could also impair function. Abrupt acidification of the plasma may be an additional important factor in the development of adverse effects, Circulation, Volume 52, November 1975 especially on the heart where normal membrane electrical activity is vital to function. Adverse rhythmic alterations in myocardium following injection of contrast material, for example, could be related, in part, to abrupt changes in plasma pH in the coronary vasculature since electrocardiographic changes do not appear to be explained solely by osmotic effects of contrast media or ischemia due to bulk replacement of blood. 15, 16 Acidosis is deleterious to coronary flow,17 myocardial contractility,18 and electrical rhythmicity.19 Although in experimental acidosis, decreased oxygen affinity may compensate for the deleterious effects on flow,19 decreased oxygen affinity does not occur in the acidemia due to contrast media since intracellular pH does not fall concomitantly, as would occur in other types of acidemia.8 The abnormal heart may be particularly susceptible to the acidosis of contrast materials.5 It is possible, also, that contrast material could disturb the resting membrane potential of cardiac muscle, either directly or indirectly.
